Structural and electronic response of U3Fe4Ge4 to high pressure by HENRIQUES MARGARIDA SOUSA et al.
Structural and electronic response of U3Fe4Ge4 to high pressure
M. S. Henriques, D. I. Gorbunov, A. V. Andreev, J. Prchal, P. Raison, S. Heathman, Z. Arnold, J.-C. Griveau, E.
Colineau, L. Havela, and A. P. Gonçalves 
 
Citation: Journal of Applied Physics 117, 113901 (2015); doi: 10.1063/1.4914958 
View online: http://dx.doi.org/10.1063/1.4914958 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/117/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Collapse of ferromagnetism in itinerant-electron system: A magnetic, transport properties, and high pressure
study of (Hf,Ta)Fe2 compounds 
J. Appl. Phys. 116, 163907 (2014); 10.1063/1.4900034 
 
The antiferromagnetic-ferromagnetic conversion and magnetostructural transformation in Mn-Ni-Fe-Ge ribbons 
Appl. Phys. Lett. 104, 202412 (2014); 10.1063/1.4879804 
 
On the origin of the giant isotopic effect of hydrogen on the magnetic properties of YFe2 A 4.2 (A = H, D): A high
pressure study 
Appl. Phys. Lett. 102, 122408 (2013); 10.1063/1.4798260 
 
Magnetism of R 2 Ti 3 Ge 4 (R= Sc , Gd, Tb, Dy, Ho, and Er) compounds 
J. Appl. Phys. 95, 7079 (2004); 10.1063/1.1667836 
 
Magnetic field induced irreversibility in UNiAl 
J. Appl. Phys. 89, 7639 (2001); 10.1063/1.1356050 
 
 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
139.191.190.4 On: Mon, 16 Mar 2015 15:11:00
Structural and electronic response of U3Fe4Ge4 to high pressure
M. S. Henriques,1,2,a) D. I. Gorbunov,1 A. V. Andreev,1 J. Prchal,3 P. Raison,4 S. Heathman,4
Z. Arnold,1 J.-C. Griveau,4 E. Colineau,4 L. Havela,3 and A. P. Gonçalves2
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Structural, magnetic, and electrical properties have been studied on a U3Fe4Ge4 single crystal
under hydrostatic pressure. The orthorhombic crystal structure is found to be stable up to 30 GPa,
the highest applied pressure, but the compressibility is strongly anisotropic. Contrary to typical
uranium intermetallics for which the softest lattice direction is along the shortest inter-uranium
links, in U3Fe4Ge4 the lattice is compressed most in a perpendicular direction for the high pressure
range. The elastic properties are modified considerably in the vicinity of 1 GPa when the b axis is
transformed from least compressible to most compressible. The bulk modulus is found to be about
150 GPa. The anomalies in the elastic properties are reflected in the electronic properties that
consistently indicate a change of the magnetic ground state from ferromagnetic to
antiferromagnetic. Both types of order exhibit a gap in the magnon spectrum; however, it is twice
as high for the ferromagnetic state. The magnetoresistance reveals field-induced transitions of dif-
ferent origins in the antiferromagnetic state along the easy and hard magnetization directions.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914958]
I. INTRODUCTION
A vast majority of the electronic properties of uranium-
based intermetallic compounds are determined by the 5f
states with a variable degree of localization depending pre-
dominantly on the direct 5f–5f overlap and the 5f-ligand
hybridization, both being very sensitive to interatomic dis-
tances.1–5 Hence, electronic properties can be tuned in a con-
trolled way by changing the interatomic separation, which
can be achieved by application of external pressure. Since
most of uranium intermetallic compounds are itinerant sys-
tems (see, e.g., Refs. 6 and 7 for review), a large pressure
effect is expected. A decrease of the interatomic distances
increases the 5f–5f overlap and the 5f-ligand hybridization,
leading both to a band broadening and typically to a reduc-
tion of the density of states at the Fermi level. For magneti-
cally ordered systems, application of pressure is therefore
likely to lead to a significant reduction of the magnetic order-
ing temperature and the spontaneous magnetic moment.
Indeed, high pressure studies demonstrated large pressure
effects on the magnetism and electrical resistivity of itinerant
ferromagnets UNi2 (Ref. 8) and U2Fe3Ge.
9 Such effects are
an inherent consequence of the lattice compression, which in
turn follows the U-U bonding anisotropy. This situation
changes when the localization threshold is approached, and
the simple 5f band model is not applicable any more. If the
direct 5f–5f overlap is reduced, the hybridization with the
non-f states becomes prominent in mediating the exchange
interaction. Such regime, found, e.g., for UTe,10 UIn3,
11 or
UGa2,
12 exhibits first a dramatic increase of ordering temper-
atures due to increasing hybridization. Pressure variations of
magnetic parameters are therefore a sensitive indicator of the
situation of the 5f electronic states.
The reaction of the crystal structure to pressure gives
interesting information as well. It was found that the lattice
response can be strongly anisotropic in U compounds, with
the lattice direction where the U atoms are closest to each
other being the most compressible, as this is the dominant
direction of the 5f bonding. Due to the strong spin-orbit
interaction, the U magnetic moments are aligned perpendicu-
lar to the bonding direction.13 Such situation was disclosed
for U compounds where a pronounced bonding directionality
could be determined, as for those belonging to the ZrNiAl
isotype (hexagonal),14 the TiNiSi structure type (orthorhom-
bic)15 and for the ternary C14 Laves phase U2Fe3Ge.
9
Recently, a novel itinerant ferromagnet U3Fe4Ge4 was
characterized.16,17 The compound presents a special interest
since its magnetic order is related exclusively to the uranium
sublattice (iron atoms have no ordered magnetic moment).
Therefore, a high pressure study of U3Fe4Ge4 will provide a
focus mainly on the 5f electronic states.
U3Fe4Ge4 crystallizes in the orthorhombic Gd3Cu4Ge4
type of structure (space group Immm), in which there are two
Wyckoff sites for U atoms (2b for U1 and 4i for U2). The
shortest inter-uranium distances are between the U2 atoms
arranged along the c axis (3.65 Å), and the second shortest
U-U links occur in the (bc) plane (3.79 Å). Projections of the
a)Author to whom correspondence should be addressed. Electronic mail:
henriques@fzu.cz
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crystal structure onto several planes are shown in Fig. 1. It is
interesting to note that the U atoms form zig-zag chains of
alternating U1 and U2 atoms along the b direction. The com-
pound displays ferromagnetic order below TC¼ 18 K.17
It exhibits a strong magnetic anisotropy, which conforms to
a general situation of the two-ion hybridization-induced ani-
sotropy. The U magnetic moments are oriented along the a
axis, a direction perpendicular to the shortest inter-uranium
distances. A strong anisotropy was also found within the (bc)
plane with the c axis being the hardest magnetization direc-
tion. The anisotropy persists at least up to 60 T. The strongly
itinerant nature of the 5f states in U3Fe4Ge4 is reflected in
the low spontaneous magnetic moment Ms¼ 1.2lB/f.u.
(M¼ 0.4lB per U atom on average) and the uranium effec-
tive magnetic moment not exceeding Meff¼ 2.46lB/U.
Studies on the crystal structure under high pressure pro-
vide valuable information on the underlying electronic prop-
erties. Thus, the evolution of the crystal structure of the
U3Fe4Ge4 compound with pressure was studied up to
30 GPa. In parallel, the magnetization and electrical resistiv-
ity were investigated. Since the magnetism of U3Fe4Ge4 is
strongly anisotropic, single crystals are indispensable for
obtaining meaningful data on the pressure response of the
electronic properties. In the present work, a relation is found
between the crystal structure and electronic properties of a
U3Fe4Ge4 single crystal under high pressure.
II. EXPERIMENTAL DETAILS
A single crystal of U3Fe4Ge4 was grown by a modified
Czochralski method from a stoichiometric mixture of the
pure elements (99.9% U, 99.98% Fe, and 99.99% Ge) on a
water-cooled copper crucible in a tri-arc furnace. A tungsten
rod was used as a seed, the pulling speed was varied between
10 and 15 mm/h. The crystal was analyzed by standard X-ray
powder diffraction, which showed a single phase state with
the orthorhombic Gd3Cu4Ge4 type structure having lattice
parameters a¼ 4.088 Å, b¼ 6.636 Å, and c¼ 13.746 Å.
Moreover, a full Rietveld analysis was performed with the
help of the Fullprof/Winplotr program.18 In this procedure,
18 parameters were refined, including the occupation and
thermal parameters of each one of the 5 independent crystal-
lographic positions which constitute the asymmetric unit of
U3Fe4Ge4. There was no signal of deviation from full occu-
pancy in any of the positions neither any significant disorder
caused by mixed occupancies was detected. The final factors
of the refinement were (%) Rp¼ 3.16, Rwp¼ 3.97, and
RB¼ 3.26. The presence of oxygen was not indicated both in
the refinement and by the scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS) analysis.
Back-scattered Laue diffraction was used to check the mono-
crystalline state and to orient the crystal.
For the high pressure X-ray diffraction, a single crystal-
line microsample was loaded into a Le Toulec diamond anvil
cell (DAC) using a pre-indented rhenium gasket with a
200 lm diameter hole. Silicone oil was used as the pressure
transmitting medium. The pressure was determined using a
ruby chip via the ruby fluorescence shift which follows an ar-
gon laser excitation.19
High pressure X-ray diffraction up to 30 GPa was per-
formed at room temperature using a modified Bruker diffrac-
tometer with a molybdenum rotating anode source and
focusing mirror optics. The data were collected using Mo Ka
radiation (k¼ 0.70926 Å) on a Bruker SMART APEX II de-
tector. The diffraction images were processed by means of
the ESRF FIT2D software20 and the crystal structure refine-
ment was performed using the FullProf program.18 The first
X-ray diffraction pattern taken at ambient conditions was
used as a reference and to check the diffraction angle. The
X-ray patterns collected at each pressure p were refined to
access the corresponding lattice parameters, a(p), b(p), and
c(p), and the unit cell volume, V(p). The cell parameters
were fitted in the low pressure region to obtain the isothermal
linear compressibility, k, and the isothermal bulk modulus,
FIG. 1. Projections of two unit cells of U3Fe4Ge4 onto different planes: (bc)
(top), (ac) (middle), and (ab) (bottom).
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B0. The relative volumes, calculated using V(p) and the ini-
tial volume of the orthorhombic cell extrapolated to zero













where B00 is the pressure derivative of B0.
The magnetization measurements under hydrostatic
pressure up to p¼ 0.9 GPa in the range of T¼ 5–50 K were
performed using a standard SQUID magnetometer (Quantum
Design) in static magnetic fields up to 7 T in a miniature
CuBe pressure cell with a liquid pressure transmitting me-
dium.23 Pressure values were determined at low temperatures
using the known pressure dependence of the critical tempera-
ture of the superconducting state of a Pb sensor placed inside
the cell.24 This method of monitoring pressure has proven to
be rather robust at low temperatures. At elevated tempera-
tures, the pressure can drift with temperature mostly due to
different thermal compressibilities of all parts in the experi-
mental setup (pressure cell, sample, and pressure transmit-
ting medium). However, in the temperature range of
T¼ 5–50 K only a small deviation of pressure is expected.
Temperature and field dependences of the resistivity
under pressure were measured on a single crystal inside a
double layered pressure cell (outer CuBe bronze, inner
NiCrAl alloy) loaded into a Physical Property Measurement
System (PPMS Quantum Design). The inner diameter of the
cell is 4 mm and the nominal pressure is 3 GPa. Daphne oil
7373 was used as the pressure transmitting medium and ther-
mally stabilized manganin wire was used to determine the
pressure inside the cell at room temperature. Both types of
measurements were performed for current J flowing along
the a axis and the c axis. The magnetoresistance was meas-
ured in the longitudinal geometry (JjjHjja and JjjHjjc).
III. RESULTS AND DISCUSSION
A. X-ray diffraction
X-ray diffraction patterns for U3Fe4Ge4 shown in Fig. 2
were taken at ambient pressure with the sample inside the
DAC (upper panel) and at p¼ 9.45 GPa (lower panel). The
indexed diffraction peaks correspond mostly to the orthorhom-
bic Gd3Cu4Ge4 type structure together with the rhenium gas-
ket. There are no major changes in the patterns as a function of
applied pressure but it can be noticed that there is a systematic
shift of the diffraction peaks to higher Bragg angles along with
peak broadening, likely due to imperfect hydrostaticity. These
two effects can be better seen in Fig. 3. The peaks (121),
(015), and (114) arising from the orthorhombic structure of
U3Fe4Ge4 are most intense in the whole pressure range studied.
The data indicate that there is no clear modification of the
structure, although one has to keep in mind the limited resolu-
tion of the X-ray patterns in the high pressure range.
To have further insight into the structure changes of
U3Fe4Ge4 with pressure, several attempts were made to refine
the X-ray diffraction data with a full Rietveld structure model,
which were not successful. Thus, Le Bail method was used to
estimate the lattice parameters as a function of pressure. The
relative changes of each lattice parameter, Da/a, Db/b, Dc/c,
FIG. 2. Le Bail fitting of the X-ray patterns taken for U3Fe4Ge4 at ambient
pressure inside the DAC (upper panel) and at p¼ 9.45 GPa (bottom panel).
Each pattern exhibits Bragg reflections of the orthorhombic Gd3Cu4Ge4 iso-
type (green vertical bars) and of the rhenium gasket (red vertical bars).
FIG. 3. X-ray diffraction patterns collected under various applied pressures for
U3Fe4Ge4 showing the angular shifting and broadening of the peaks with
increasing pressure, mostly due to the loss of perfect hydrostatic conditions. The
Bragg reflections indicated in the top of the figure are only due to U3Fe4Ge4.
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and volume, DV/V, are depicted in Fig. 4. The lattice parame-
ters, and hence the relative cell volume, show a tendency to
decrease almost linearly with pressure: b is the parameter
decreasing the most in the whole pressure range studied,
whereas a and c keep this tendency up to 25 GPa. As shown
in the inset of Fig. 4, the pressure variation along c is weaker
than along a, even in the low pressure domain. Moreover, the
b direction changes from the least compressible below 1 GPa
to the most compressible above this pressure and exhibits an
additional softening in the high-pressure range, above 20 GPa.
Beyond 25 GPa, the a and c parameters seem to display a
slight increasing tendency, although larger error bars at such
high pressures may mask the real trend. For this reason and
due to the known solidification of the pressure-transmitting
medium (silicone oil), occurring above 6 GPa (causing partial
loss of hydrostaticity), the quantitative treatment of the data
was restricted to p 6 GPa.
To estimate the isothermal linear compressibility along
the lattice direction i, ki, the pressure variation of the individ-
ual lattice parameter along the same direction, gi, was
adjusted to the quadratic equation
giðpÞ ¼ gið0Þ  kigið0Þpþ k0i0gið0Þp2; (2)
where gi(0) is the lattice parameter extrapolated to zero
pressure and k0i0 is the first pressure derivative of
the linear compressibility taken at zero pressure. The
compressibility of U3Fe4Ge4 is strongly anisotropic. We
obtained ka¼ 2.7 103 GPa1 and k0a0¼ 8 105 GPa2,
kb¼ 3.3  103 GPa1 and k0b0¼ 1.2 105 GPa2, and
kc¼ 1.0  103 GPa1 and k0c0¼ 1.7 104 GPa2 for the
lattice directions a, b, and c, respectively. This result shows
that in U3Fe4Ge4 the direction where the U-U distances
(dU-U) are shorter is not the softest lattice direction, although
it is important to bear in mind that higher or lower compres-
sion along b or c does not prove that the distance between the
U atoms is compressing at the same rate. This distance also
depends on the development of coordinates of the U atoms
inside the unit cell, which is not known. In any case, to the
best of our knowledge, it is the first U intermetallic where the
shortest inter-uranium distances do not lie along the softest
lattice direction among U intermetallic compounds studied
under pressure. As mentioned already, in this compound the
two U2 atoms lie 3.65 Å apart along the c axis (13.746 Å),
whereas along b (6.633 Å) the U1 and U2 atoms are separated
by a distance of 3.79 Å but are then coordinated in zig-zag
chains that might be more compressed than the c direction. In
orthorhombic UCoGe, the U atoms are also coordinated in
zig-zag chains along the a direction where dU-U is also short-
est and that manifests itself as the softest direction.15
The individual isothermal linear compressibilities can
be used to express the isothermal bulk modulus through the
relation B0¼ 1/kV, where kV is the volume compressibility
which for the orthorhombic unit cell is given by
kV¼ kaþ kbþ kc. For U3Fe4Ge4, these calculations resulted
in kV¼ 0.007 GPa1 and B0¼ 143 GPa. An alternative
method to evaluate the bulk modulus is to adjust the relative
volume changes V/V0 obtained for each applied pressure to
the Birch and Murnaghan equation of state (Eq. (1)), from
which we obtained B0¼ 149 GPa. The two different
approaches show a good agreement between the B0 values.
The bulk modulus is relatively low if compared with the
orthorhombic UCoGe (B0¼ 341 GPa)25 or even hydrogenated
compounds of the same family with a structure similar to the
TiNiSi type, as UTSi-H (B0¼ 257 GPa);26 nevertheless, it is
comparable to other UTX compounds with the hexagonal
ZrNiAl isotype for which B0< 175 GPa,
14 and larger than the
C14 Laves phase U2Fe3Ge from the same ternary phase dia-
gram, for which B0 was found to be around 100 GPa.
9
B. Magnetization
The upper panel in Fig. 5 presents the pressure varia-
tions of the temperature dependence of the magnetization,
M, measured along the easy a axis of the U3Fe4Ge4 single
crystal in the field of 0.01 T. These dependences are pre-
sented for temperatures above 6 K in order to avoid the influ-
ence of the Pb sensor that becomes superconducting around
7 K and makes a non-negligible contribution to the sample’s
signal in fields below 0.08 T. At ambient pressure, the M(T)
dependence is ferromagnetic-like. From the abrupt decrease
with increasing T, it follows that the magnetic order disap-
pears at TC¼ 18 K. Up to p¼ 0.5 GPa, the shape of M(T) is
maintained, which suggests that there is no change in the
type of the magnetic order. The main effect on the magne-
tism within this pressure range consists in a reduction of the
magnetic ordering temperature. However, the data at higher
pressures exhibit a progressive drop in the magnetization
with decreasing temperature. This points to an antiferromag-
netic state induced by increasing pressure, as opposed to the
ferromagnetic state stable at p 0.5 GPa. The weak anomaly
observed at p 0.75 GPa in the vicinity of T¼ 17 K can be
explained by inhomogeneity of the hydrostatic pressure
applied to the sample. The experimental conditions are such
that the sample is fixed by the bottom part in the CuBe cham-
ber. Our data suggest that this part stops compressing at a
FIG. 4. Pressure dependence of the relative changes of lattice parameters,
Da/a, Db/b, Dc/c, and volume, DV/V, calculated for U3Fe4Ge4 from the high
pressure X-ray diffraction data. The inset shows the evolution of the relative
lattice parameters in the low pressure range. The solid lines are a guide to
the eye.
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certain pressure, p 0.6 GPa, and, albeit small, makes a non-
negligible contribution to the signal when higher pressures
are applied.
Application of a higher magnetic field, 0.1 T (lower
panel in Fig. 5), destroys the antiferromagnetic ordering, and
U3Fe4Ge4 displays a normal ferromagnetic temperature de-
pendence of magnetization. The transition into the paramag-
netic state naturally becomes smeared out, but the general
trend is kept: the higher the pressure, the lower is the mag-
netic ordering temperature.
The evidence of the antiferromagnetic state of U3Fe4Ge4
at elevated pressure is given in Fig. 6, which displays
magnetization curves at 7 K along the a axis at ambient pres-
sure and under p¼ 0.9 GPa. M(H) dependences obtained at
lower temperatures are not shown since they are affected by
the superconducting Pb sensor in fields up to 0.08 T. The
slope of the ambient pressure curve at low fields is deter-
mined by the demagnetization factor of the ferromagnetic
sample, whereas the magnetization curve at p¼ 0.9 GPa has a
lower initial slope. Furthermore, at ambient pressure the mag-
netic hysteresis is negligible and reflects domain wall motion.
At p¼ 0.9 GPa, the hysteresis is larger, which points to a
first-order metamagnetic transition from the antiferromag-
netic to the field-induced ferromagnetic state. Additionally,
Fig. 6 explains why the antiferromagnetic state is not
observed at elevated pressure on the M(T) dependences in the
field of 0.1 T (see Fig. 5): at this field the transition into the
induced ferromagnetic state is almost completed.
Figure 7 shows magnetization curves measured along the
easy a axis of the U3Fe4Ge4 single crystal at T¼ 2 K under var-
ious pressures. All curves are characteristic of a ferromagnetic
state, no traces of antiferromagnetism are observed on the
given scale since it is removed above 0.1 T. A reduction of the
spontaneous magnetic moment occurs from Ms¼ 1.2lB/f.u. at
ambient pressure to Ms¼ 1.08lB/f.u. at p¼ 0.9 GPa (the Ms
values were determined using the Arrott plots). This reflects
that the 5f electronic states take on more itinerant character
with increasing pressure. Above the field where the domain
wall motion is completed, the magnetization continues to grow
linearly, which is likely a consequence of additional splitting
of the spin-up and spin-down subbands. The field susceptibility
dM/dH does not seem to be affected by pressure.
The temperature evolution of the a axis magnetization
curve of the U3Fe4Ge4 single crystal under the highest
applied pressure, p¼ 0.9 GPa, is shown in Fig. 8. The mag-
netization gradually decreases with increasing temperature.
The compound is still in the magnetically ordered state at
T¼ 15 K as follows from a non-zero value of the spontane-
ous magnetization. At T¼ 20 K, the magnetization isotherms
demonstrate that U3Fe4Ge4 is in paramagnetic state.
To summarize the results of the magnetization study
under pressure, Fig. 9 shows the pressure variations of the
spontaneous magnetic moment at T¼ 2 K and Curie tempera-
ture of U3Fe4Ge4. Both parameters decrease linearly with
FIG. 5. Temperature dependence of the magnetization along the a-axis of a
U3Fe4Ge4 single crystal in the field of 0.01 T (top) and 0.1 T (bottom) under
various pressures. Note the different magnetization scale.
FIG. 6. Low-field details of the magnetization curves measured along the a
axis of a U3Fe4Ge4 single crystal at 7 K at ambient pressure and under 0.9 GPa.
FIG. 7. Magnetization curves along the a-axis of a U3Fe4Ge4 single crystal
at T¼ 2 K under various pressures.
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pressure. However, the logarithmic decrease rates are very
different: TC decreases almost twice as rapidly (d(lnTC)/dp
¼0.24 GPa1) as Ms (d(lnMs)/dp¼0.13 GPa1). As a
result, a linear extrapolation indicates that TC will drop to zero
between 4 and 5 GPa, whereas zero Ms value is expected
above 7 GPa. This extrapolation may not be necessarily
meaningful since it is related exclusively to the ferromagnetic
order, although pressure emphasizes antiferromagnetic
exchange interactions (see Figs. 5 and 6). Application of
higher pressures is required to determine under which condi-
tions the magnetically ordered state is completely suppressed
in the compound. The obtained decrease rates are rather
high, which is a result of the itinerant nature of the 5f magne-
tism in U3Fe4Ge4. Comparable logarithmic decrease rates
were obtained for itinerant ferromagnets UNi2 and U2Fe3Ge,
d(lnTC)/dp¼0.1 and 0.33 GPa1 and d(lnMs)/dp
¼0.067 and 0.27 GPa1, respectively.9,27
C. Resistivity and magnetoresistivity
All electrical resistivity data presented below were nor-
malized since the electrical contacts may shift between suc-
cessive pressure steps. The normalization of the temperature
and field dependences was performed at T¼ 30 K (q/q30)
and in zero magnetic field (q/q0), respectively.
Figure 10 shows the temperature variations of the elec-
trical resistivity, q/q30(T), under different pressures with cur-
rent applied along the a and c axes. One can distinguish the
typical strong increase (with increasing T) in the ordered
state, which levels off above TC, where the spin disorder
scattering becomes constant. The resistivity decrease in the
ordered state is more pronounced along the c axis (90%)
than along the a axis (10%–15%). This points to a much
larger coherence length of conduction electrons with the
wavevector k along the c axis.
In the low temperature range, up to 2/3 of the magnetic
ordering temperature, the q/q30(T) dependence along the c
axis can be approximated using the expression
q ¼ q0 þ AT2 þ BT2 expðD=TÞ; (3)
where the quadratic term describes electron-electron scatter-
ing and the exponential term takes into account scattering of
the conduction electrons on magnons with a gap D in the
spin wave spectrum (q0 has no physical meaning owing to
normalization). The resulting pressure dependence of D is
shown in the upper inset of Fig. 10(b). The initial value
D 60 K varies very little with pressure but falls down by a
factor of 2 around 1 GPa. The obtained D values at low pres-
sures are in reasonable agreement with that deduced from
specific heat measurements at ambient pressure, D 50 K.17
As the width of the gap corresponds to the energy of mag-
netic anisotropy between the a and b crystallographic axes,
the decrease of the spin wave gap reflects that the system
FIG. 8. Temperature variation of the magnetization curve along the a-axis
of a U3Fe4Ge4 single crystal under p¼ 0.9 GPa.
FIG. 9. Spontaneous magnetic moment at T¼ 2 K and Curie temperature of
a U3Fe4Ge4 single crystal as functions of pressure.
FIG. 10. Temperature dependence of the normalized electrical resistivity
measured along the a (a) and c (b) axes of a U3Fe4Ge4 single crystal at dif-
ferent pressures. The inset in the upper panel and the lower inset in the lower
panel present temperature derivatives of the normalized resistivity at
selected pressures. The upper inset in the lower panel shows the pressure de-
pendence of the energy gap in the spin-wave spectrum.
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tends towards a more isotropic state with increasing applied
pressure. Nevertheless, the sudden character of the reduction
at 1 GPa is related to more significant changes in the mag-
netic order. The energy gap in the antiferromagnetic state
(above 1 GPa) is substantially lower than that in the ferro-
magnetic state.
Fitting of the q/q30(T) variations along the a axis was
also attempted in the same temperature range. It was found
that exponential laws including Eq. (3) lead to a rather poor
approximation of these dependencies. By contrast, the quad-
ratic term in Eq. (3) alone describes the resistivity curves
very well. This may imply the absence of magnon-like exci-
tations propagating along the a axis, which is explained by
weakly correlated moments along a or strongly damped
magnetic excitations with a wave vector q along a.
The electrical resistivity can be used to determine the
magnetic ordering temperature of U3Fe4Ge4. As an example,
the inset in Fig. 10(a) presents the temperature derivative of
the normalized resistivity, d(q/q30)/dT vs. T, along the a axis
at 1.51 GPa. In analogy with the measurements at ambient
pressure reported in Ref. 17, the weak anomaly on the de-
scending branch of the d(q/q30)/dT(T) curve is observed at
the magnetic ordering temperature, Ta (indicated by an
arrow). Figure 11 demonstrates that Ta decreases with pres-
sure more or less steadily except for p¼ 1.12 GPa where a
dip is observed. Interestingly, the pressure at which the
anomaly develops is in the pressure range where the antifer-
romagnetic state is induced and where the abrupt decrease in
D occurs. The derivative d(q/q30)/dT(T) for the c axis dis-
plays a more complicated behavior. In the low pressure
range, the transition into the paramagnetic state is reflected
in the sharp maximum at Tc1 (lower inset in Fig. 10(b)).
However, at 1.2 GPa a second anomaly appears at a lower
temperature, Tc2, and becomes more pronounced with
increasing pressure. Such a behavior implies two magnetic
transitions before the magnetic ordering is suppressed. The
transition temperatures are plotted in Fig. 11. One might at-
tribute the presence of the second anomaly to a non-uniform
hydrostaticity in the pressure cell. However, this feature
appears in the anomalous pressure region where the antifer-
romagnetic exchange interactions begin to dominate and the
other parameters (D and Ta) exhibit irregular behavior. This
observation indicates that the second anomaly is an intrinsic
feature of U3Fe4Ge4.
Hence, the resistivity and magnetization data suggest
that the magnetism of U3Fe4Ge4 undergoes considerable
changes with pressure. First indications of the antiferromag-
netic order appear above 0.5 GPa, as follows from the
magnetization data (Figs. 5 and 6), whereas the electrical re-
sistivity reveals anomalies in several parameters around
1 GPa (Figs. 10 and 11). This behavior may be related to the
behavior of elastic properties around 1 GPa, which may
reflect modifications of atomic positions and inter-atomic
distances. The opposite effect, that the change of elastic
properties would be primarily due to magnetoelastic phe-
nomena, is not plausible, as the volume compression was
studied at room temperature, i.e., far from the magnetically
ordered state.
The field dependencies of the electrical resistivity shown
in Fig. 12 provide an additional evidence for the antiferro-
magnetic order in U3Fe4Ge4. The longitudinal magnetore-
sistance along the a axis displays a field-induced transition at
p 1.12 GPa. The observed phase transformation leads to a
decrease in q/q0. The transition exhibits hysteresis and is of
the first-order type. The critical field of the resistivity jump,
Hcr (determined from the field derivative of q/q0), is propor-
tional to the applied pressure. This is seen from the inset to
Fig. 12 that presents the Hcr(p) variation determined from
the ascending and descending branches of the transitions.
The area between the two sets of points corresponds to a
metastable state. The observed field-induced transition obvi-
ously reflects the antiferromagnetic-ferromagnetic phase
transformation seen in the magnetization at lower pressures
in Fig. 6. The increase in Hcr indicates that the antiferromag-
netic state is strengthened as the pressure is increased.
Since the a axis is the easy magnetization direction in
U3Fe4Ge4, the observed q/q0(H) behavior is indicative of a
metamagnetic transition, a change from a zero-field antifer-
romagnetic to a field-induced ferromagnetic structure
FIG. 11. Pressure dependence of Ta, Tc1, and Tc2 determined from electrical
resistivity measurements along the a and c axes of a U3Fe4Ge4 single crystal.
FIG. 12. Field dependence of the electrical resistivity at 2 K with magnetic
field and electrical current applied along the a axis of a U3Fe4Ge4 single
crystal under selected pressures. The inset shows the pressure dependence of
the lower and upper critical fields of the field-induced transition.
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(see Fig. 6). The pressure induced antiferromagnetic state
means that it has a lower volume than the ferromagnetic
state. The ferromagnetic state needs therefore progressively
higher field to be restored, if higher pressure is applied. The
changes of the resistivity for J//a are too small to indicate a
superzone boundary effect in the antiferromagnetic state.28
Also, the increase of q for J//c (Fig. 13) means that it is most
likely the character of magnetic excitations which is chang-
ing between the ferro- and antiferromagnetic states. The crit-
ical field of the transition along the c axis also increases with
pressure (inset in Fig. 13).
IV. CONCLUSIONS
The presented data of the structural and electronic prop-
erties of U3Fe4Ge4 show consistently the response of the
compound to applied hydrostatic pressure. The Curie tem-
perature and magnetic moments decrease with increasing
pressure, proving the itinerant 5f character of magnetism.
The orthorhombic crystal structure is maintained up to the
highest applied pressure, 30 GPa, but the compressibility is
strongly anisotropic, the a and b axes being approximately 3
times softer than the c axis, where the shortest U-U spacing
occurs. It is known that the 5f charge density in uranium
intermetallic compounds is, in cases of well defined bonding
directionality, compressed along the direction of the shortest
inter-uranium links.13 In U3Fe4Ge4, the softest lattice direc-
tion is not along the shortest dU-U but is along the direction
where the 5f bonding should dominate, forcing the U
moments to be perpendicular to it. On the other hand, one
has to realize that the shortest U-U spacing along the c axis,
3.65 Å, is only a small fraction of the c parameter of the unit
cell, 13.746 Å. The situation is complicated further by the
change of elastic properties around p¼ 1 GPa, which is
related to the change of the ground state from ferro- to
antiferromagnetic.
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field and electrical current applied along the c axis of a U3Fe4Ge4 single
crystal under selected pressures. The inset shows the pressure dependence of
the lower and upper critical fields of the field-induced transition.
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